ABSTRACT
INTRODUCTION
The follicle is an essential functional unit of the ovary. Folliculogenesis is the development of the follicle from the primordial stage through a series of morphologically defined stages: primary, preantral, antral, culminating in the Graafian or preovulatory follicle stage. After ovulation, the follicle undergoes transformation into a corpus luteum [1] . The role of gonadotropins in regulating folliculogenesis is well established [2, 3] , but over the last several years, it has become apparent that paracrine and autocrine growth factors also have a role in ovarian follicle development [4] . One group of growth factors that has been implicated in many critical aspects of follicle development is the transforming growth factor ␤ (TGF␤) superfamily [5] [6] [7] [8] [9] [10] . The TGF␤ superfamily includes TGF␤, activin, inhibin, mülle-rian inhibiting substance, growth and development factor 9, and the bone morphogenetic proteins [11] . These factors play important roles in a wide range of biologic effects, such as cell growth, morphogenesis, cell differentiation, and apoptosis. The TGF␤ family members initiate their cel-lular actions via heterodimeric serine-threonine kinase receptor complexes. The ligands bind to their specific type II receptor, then activate the type I receptor by phosphorylation of its glycine-serine-rich domain. The activated type I receptor can then phosphorylate downstream signaling molecules [12] .
The Smad family of signal transduction molecules is a relatively new group of proteins that transmit TGF␤ signals from the cell surface into the nucleus. They were initially described in Caenorhabditis elegans as Sma (small) genes [13] and in Drosophila as Mad (mothers against Decapentaplegic) genes [14] . Currently, eight different Sma-and Mad-related genes have been identified in mammals and are termed Smads [15] . They can be subdivided into three distinct subclasses based on function: receptor-activated Smads (R-Smads: Smad1, Smad2, Smad3, Smad5, Smad8, and Smad9), common mediator Smads (Co-Smad: Smad4), and inhibitory or antagonistic Smads (anti-Smads: Smad6 and Smad7) [16] . Activated type I receptors associate with specific R-Smads, phosphorylating them at the COOH-terminus of the protein. The phosphorylated R-Smad dissociates from the receptor and forms a heteromeric complex with the Co-Smad Smad4, and together the heteromeric complex translocates to the nucleus, mediating the target gene responses. Anti-Smads function as antagonists, blocking both Smad phosphorylation and association with Smad4 [17] .
Different TGF␤ family members can have very different effects on follicle development [18] . Downstream signaling proteins might be the determinants of these different actions, but very little is known about the expression and regulation of the Smad signaling proteins in the ovary. Smad2 and Smad3 are highly homologous R-Smads that have been associated with both TGF␤ and activin signaling [19] . In these studies, we have determined the expression and cellular localization of these two important signaling molecules over the course of follicular development and luteogenesis. We have also determined the ability of TGF␤ and activin to affect nuclear translocation of Smad2 and Smad3 in granulosa cells.
MATERIALS AND METHODS

Hormones and Reagents
Human FSH (ISIAFP-1; 8466 IU/mg) was obtained from National Hormone and Pituitary Distribution Program, National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health (NIH) (Baltimore, MD). The hormones eCG (6000 IU/mg) and hCG (3000 IU/mg) were purchased from Sigma Chemical Company (St. Louis, MO). TGF␤1 and recombinant human activin A were purchased from R&D Systems (Minneapolis, MN). All other reagents were purchased from Sigma.
Animals
All animal experiments were performed in accordance with NIH guidelines with institutional approval. Sprague-Dawley rats were obtained from Harlan Company (Indianapolis, IN) and housed under standard conditions. Ovaries were obtained at 1300 h from 4-day cycling rats on the day of FIG. 1. Western analysis of whole ovary lysates (15 g) obtained from 4-day cycling rats. Relative expression of Smad2 (A) and Smad3 (B) proteins on each day of the estrous cycle. Signals were normalized to the day of estrus, which was arbitrarily designated as one. The bars represent the average of relative band intensity from six experiments Ϯ SEM. Q P Ͻ 0.05 (vs. estrus).
proestrus, estrus, metestrus, or diestrus. For the hormone-treated groups, 23-day-old female rats were injected with 10 IU eCG, and 48 h later were injected with 10 IU hCG. Ovaries were obtained at 0, 1, 3, 6, 12, and 24 h after hCG treatment. Ovaries were either frozen for later Western analysis or fixed in 4% paraformaldehyde and embedded in OCT (Sakura Finetek USA, Inc., Torrance, CA) [20] for immunohistochemistry. Each time point or cycle day contained at least six animals. Follicles and corpora lutea were dissected from fresh ovaries of some treatment groups. Dissections were performed under microscopic visualization using fine needles. All animals were anesthetized with CO 2 and killed by cervical dislocation.
Western Blot Analysis
Ovaries were homogenized in lysis buffer (NaCl 150 mM, Tris-HCl 50 mM, MnCl 2 0.5 mM, MgCl 2 0.5 mM, EGTA 5 mM, PMSF 0.2 mM, SDS 1%) and then centrifuged for 20 min, and the supernatant was collected. Protein content was quantitated with the BCA analysis kit (Pierce, Rockford, IL). Fifteen micrograms of protein lysate from each sample was subjected to denaturing PAGE and transferred to polyvinylidene fluoride membrane. The resultant membranes were blocked with Tris-buffered saline (TBS) containing 5% (w/w) fat-free dry milk at 4ЊC overnight, then washed with TBST (a mixture of TBS and 0.05% Tween 20) three times for 10 min each, and then incubated for 2 h at room temperature with 3 g/ml specific rabbit polyclonal antibody against Smad2 or Smad3 (Zymed Lab, San Francisco, CA). After three 10-min washes in TBST, the membranes were incubated with peroxidase-conjugated affinipure goat anti-rabbit immunoglobulin G (IgG) (Jackson ImmunoResearch Lab, West Grove, PA) diluted 1:125 000 in 1% BSA in TBST for 1 h at room temperature. They were then washed with TBST three times for 10 min each and imaged with the ECLPlus Western Blotting Detection System (Amersham, Buckinghamshire, England). ECL-incubated blots were exposed to Hyperfilm (Amersham). Groups of 20 preantral follicles from 23-day-old rats, 10 preovulatory follicles from eCG-treated rats, and 10 corpora lutea from 24-h and 10 corpora lutea from 48-h hCG-treated rats were homogenized. Ten micrograms of each protein was loaded per lane, and Western blot analysis was performed as previously described.
Granulosa Cell Culture and Treatment
Ovaries from 25-day-old female rats were removed and cleaned of adipose and connective tissue. Ovaries were placed in McCoy medium containing 0.2% BSA, 26 mM sodium bicarbonate, and 6.8 mM EGTA and incubated for 10 min at 37ЊC and then transferred to a solution containing McCoy medium with 0.5 M sucrose. Ovaries were then washed and suspended in fresh McCoy medium [21] . Follicle puncture was performed with fine needles under microscopic visualization. The cells were gently pelleted and rinsed and resuspended in McCoy medium. Cells were counted using a hemocytometer, and viability was determined by trypan blue staining. Cells were cultured on glass coverslips in McCoy medium containing 10% fetal bovine serum at 37ЊC in a humid atmosphere containing 5% CO 2 . After 24 h, the medium was changed to serum-free McCoy medium containing 0.1% BSA and 10 l/ml of ITS ϩ Culture Supplement (contains 1.0 mg/ml insulin, 0.55 mg/ml human transferrin, 0.5 g/ml sodium selenite, 50 mg/ml BSA, and 0.47 g/ml linoleic acid; Collaborative Biomedical, Bedford, MA) for 24 h. The cells were then incubated for 24 h in the aforementioned serum-free medium containing FSH (10 ng/ml). After FSH treatment, groups of cells were incubated with TGF␤ (0.1-10 ng/ml) or with activin A (2-200 ng/ml) for 60 min. Cells were washed with PBS three times for 5 min each and fixed in 4% paraformaldehyde before immunofluorescence staining.
Biotin-Avidin D Cell Sorter System Indirect Immunofluorescence Techniques
Frozen sections were cut, air-dried, and incubated with 10% goat serum in PBS for 1 h at 4ЊC in a humidified chamber. Specific rabbit polyclonal antibodies against Smad2 or Smad3 (1:100 dilution in 10% goat serum in PBS, 5 g/ml; Zymed Lab) were applied to the sections and slides were incubated overnight at 4ЊC. For negative control, the primary antibody was preincubated with 50 g/ml Smad2 or Smad3 peptide for 2 h. Slides were washed with cold PBS and biotinylated anti-rabbit IgG antibody (1: 200 in 10% goat serum in PBS; Vector Laboratories, Burlingame, CA) was applied to the tissue sections for 1 h. Slides were washed in PBS and fluorescein avidin D cell sorter (1:200 in sodium bicarbonate buffer; Vector Labs) was applied to the sections, and the slides were incubated for 1 h at 4ЊC. After a wash with cold PBS, slides were mounted with Vectashield mounting medium (Vector) and visualized on a fluorescence microscope using a 510-nm filter.
Data Analysis
All experiments were repeated at least three times. The intensities of Western blotting signals were quantitated using a scanning transmittance densitometer with computerized analysis (Hoeffer Science, San Francisco, CA). Signals obtained from Smad2 and Smad3 protein hybridizations were
Western analysis of whole ovary lysates (15 g) obtained from eCG-and eCG-hCG-treated rats. Data points are control from ovaries from 25-day-old rats; PMSG from ovaries 48 h after eCG treatment; hCG3 from ovaries 51 h after eCG and 3 h after hCG; hCG12 from ovaries 60 h after eCG and 12 h after hCG; hCG24 from ovaries 72 h after eCG and 24 h after hCG. Signals were normalized to the control group, which was arbitrarily designated as 1. Bars represent the average of relative band intensity from six experiments Ϯ SEM. Q P Ͻ 0.05 (vs. control group of Smad2), ୍ P Ͻ 0.05 (vs. control group of Smad3), p P Ͻ 0.05 (vs. hCG12 group of Smad2).
then normalized against signal from the estrous group (Fig. 1) or the control group (Fig. 2) .
For the granulosa cell culture experiments, 100 cells from each group were counted based on a semirandom grid with at least one field from each of the four quadrants. Virtually all of the cultured cells exhibited some level of staining for both proteins. For each counted cell, the observer (who was blinded to the treatment group) determined visually whether the nuclear staining was greater than the cytoplasmic staining. This was defined as a nuclear-stained cell. The counts are reported as the percentage of cells with staining based on this definition. Statistical significance between mean values was determined by ANOVA followed by post hoc testing and was accepted at the 0.05 level.
RESULTS
Variation of Smad2 and Smad3 Protein Expression During the Estrous Cycle
Western analysis for Smad2 and Smad3 resulted in specific bands at 58 and 56 kDa, respectively. As shown in Figure 1 , both Smad2 and Smad3 proteins were expressed on each day of the estrous cycle and had the lowest levels of expression on the day of estrus. Smad2 protein expression increased by a factor of 2.6 on the day of proestrus and 3.3 on the day of metestrus compared with estrous levels of expression (P Ͻ 0.05, Fig. 1A ). The expression level of Smad3 almost doubled on the day of proestrus and diestrus (P Ͻ 0.05, Fig. 1B ).
Expression of Smad2 and Smad3 Proteins in Ovaries from eCG/hCG-Treated Rats
To more closely evaluate the expression pattern of Smad2 and Smad3 over the course of follicular development and luteogenesis, we determined the effect of sequential gonadotropin treatment on ovarian expression of the Smads (Fig. 2) . As seen in Figure 2 , Western analysis demonstrated a high level of expression for both Smad2 and Smad3 in control ovaries. After eCG treatment, which induces preovulatory follicle development, Smad2 expression was reduced to 53% and Smad3 expression to 68% of the control level (P Ͻ 0.05). After hCG treatment to trigger ovulation, expression for both Smad proteins was further suppressed in a time-dependant manner. Three hours after hCG treatment, Smad2 expression was 37% and Smad3 expression was 53% of the control level (P Ͻ 0.05). Expression of both proteins reached a nadir at 12 h, when Smad2 expression was only 29% and Smad3 was 37% of the control level (P Ͻ 0.05). However, 24 h after hCG treatment, the expression levels of the two Smads differed dramatically. Smad2 expression had increased to 71% of the control level (P Ͻ 0.05), whereas Smad3 expression remained near the nadir at 48% of the control level.
Localization of Smad2 and Smad3 Proteins in the Ovary
To determine the cellular localization of Smad2 and Smad3 protein expression, we performed immunohistochemical analysis on ovarian sections from 23-day-old and cycling animals as described in Materials and Methods. As shown in Figure 3 , A and B, the oocytes of primordial and primary follicles exhibited very strong positive staining (seen as green) for Smad2 protein; however, the oocytes of larger follicles did not have strong staining. This pattern was the same in immature and cycling ovaries. In the preantral and small antral follicles, granulosa cells had strong positive signals; however, staining was diminished markedly in granulosa cells of large antral follicles. Theca cells maintained low levels of expression for Smad2 in preantral and large antral follicles.
Smad3 protein was also localized in the oocytes of primordial and primary follicles. Strong positive signal was seen in granulosa cells in the preantral and small antral follicles. In large antral follicles, there was minimal granulosa cell staining. Light staining for Smad3 was seen in the theca cells (Fig. 3, D and E) . Negative control sections with primary antibody preadsorbed with Smad2 or Smad3 peptide demonstrated negligible background staining (Fig.  3, C and F) .
In gonadotropin-treated animals, immunohistochemical analysis revealed minimal positive staining for both Smad2 and Smad3 in granulosa cells of antral follicles after eCG treatment (Fig. 4A) . However, occasional granulosa cells did exhibit cytoplasmic staining for Smad3 (Fig. 4E) , and a low level of theca staining was maintained for both proteins (Fig. 4, A and E) . Twenty-four hours after hCG treatment, the newly formed corpora lutea exhibited minimal signal for Smad3 (Fig. 4F) . However, Smad2 signal was readily apparent in the corpora lutea (Fig. 4B) , although the intensity was less than that seen in preantral follicles. Higher magnification (400ϫ) of the corpus luteum clearly revealed a cytoplasmic staining pattern for Smad2 (Fig. 4C) but not for Smad3 (Fig. 4G) . Negative control sections with primary antibody preadsorbed with Smad2 or Smad3 peptide demonstrated negligible background staining (Fig. 4,  D and H) . 
Expression of Smad2 and Smad3 Proteins in Isolated Follicles and Corpora Lutea
To confirm a reduction in Smad3 protein expression in corpora lutea, we dissected individual follicles at different stages of development as well as corpora lutea at 24 and 48 h after hCG treatment and performed Western analysis on the resulting lysates. Figure 5 is a representative Western analysis of these proteins probed for Smad2 (upper panel) and Smad3 (lower panel). As expected, Smad2 and Smad3 were expressed at high levels in isolated preantral follicles. Expression of both proteins was reduced in preovulatory follicles. Smad2 protein expression was clearly maintained in corpora lutea at 24 and 48 h after hCG treatment. In contrast, Smad3 expression was very low in isolated corpora lutea. Jurkat cells and rat liver lysate were used for positive controls for Smad2 and Smad3, respectively.
Differential Effects of TGF␤ and Activin A on Smad2 and Smad3 Protein Localization in Cultured Granulosa Cells
Cultured granulosa cells were used to determine whether TGF␤ or activin A could alter Smad2 or Smad3 protein localization. As shown in Figure 6 , both Smad2 and Smad3 proteins were primarily expressed in the cytoplasm of cultured granulosa cells in the absence of the growth factors. Granulosa cells exposed to FSH exhibited a morphologic change described as rounding [22] , but nuclear expression of both Smad proteins was fairly low, even in rounded cells. Smad2 was localized to the nucleus in 14.5% of cells, and Smad3 was localized to the nucleus in 22.5% of cells (Fig. 6A) . When cells were treated with FSH for 24 h and then treated with either TGF␤ (1 ng/ml) or activin A (20 ng/ml), nuclear staining for both Smad2 and Smad3 was markedly increased. TGF␤ treatment for 60 min resulted in 30% and 50% nuclear staining for Smad2 and Smad3, respectively ( Fig.  6A ; P Ͻ 0.05 compared with FSH-treated cells). Activin treatment for 60 min increased the level of nuclear staining for Smad2 to 53% and Smad3 to 36% (Fig. 6A , P Ͻ 0.05) compared with FSH-treated cells. Dose responses for TGF␤ and activin confirmed this relationship (Fig. 6 , B and C). At higher doses of TGF␤ (10 ng/ml), the percentage of nuclear expression of Smad2 becomes similar to that for Smad3.
DISCUSSION
TGF␤ family members are considered to be important regulators of follicle development; however, the specific mechanisms of action of these growth factors in the ovary remain undefined. Recently, we [18] and others [23] have reported distinct effects of TGF␤ and activin on preantral follicle development in vitro. Over the last several years, there have been many reports of effects of TGF␤ and activin in granulosa cells and larger follicles [5] [6] [7] [8] [9] [24] [25] [26] [27] [28] . However, these reports often differ on whether activin or TGF␤ have roles in follicle growth, atresia, or differentiation. Characterization of downstream signaling of the TGF␤ growth factors may help explain the seeming contradictions of various studies. TGF␤ and activin are both considered to work through both Smad2 and Smad3. We hypothesized that the differential effects of TGF␤ and activin in follicular development might result from differential expression or activation of the mediating Smad proteins during folliculogenesis. To address this hypothesis, we have characterized the expression of these two signaling proteins over the course of follicular development in cycling and gonadotropin-stimulated ovaries. We have also demonstrated the effects of TGF␤ and activin on the translocation of Smad2 and Smad3 to the nucleus in granulosa cells.
Western analysis of whole ovarian lysates from each day of the estrous cycle demonstrated distinct fluctuations of protein expression on different days of the cycle. In the rat, ovulation occurs early on the morning of estrus. On the following day (metestrus), progesterone levels rise, consistent with the formation of corpora lutea [29, 30] . Both Smad proteins are expressed at high levels on the day of proestrus and lower levels on the day of estrus. Notably, on metestrus, Smad2 protein expression is increased relative to estrous levels of expression, whereas Smad3 protein expression does not increase on metestrus. This pattern suggests that Smad2 may play a more significant role than Smad3 in corpus luteum function. To more closely evaluate the expression patterns of Smad2 and Smad3 during the later stages of folliculogenesis and luteogenesis, we induced follicular growth and ovulation with gonadotropin treatments. Before hormonal treatments, the ovaries had high basal levels of Smad protein expression. Treatment with eCG resulted in only a small suppression of expression. However, the induction of ovulation with hCG induced a marked suppression of the expression of both proteins, reaching a nadir at 12 h after hCG treatment. In this model, ovulation generally occurs 8-13 h after hCG administration. Consistent with the expression levels seen in the cycling animals, Smad2 and Smad3 proteins are expressed at low levels during ovulation. Of interest, 24 h after hCG treatment, Smad2 protein levels again become elevated. At this time, ovulation has occurred, and the early corpus luteum is present. Therefore, in both naturally cycling and hormonally induced early corpora lutea, Smad2 expression increases, whereas Smad3 expression does not.
In addition to the quantity of regulatory protein present, the location of protein expression is also essential in determining its role in function. The cellular localization of Smad2 and Smad3 proteins during folliculogenesis was determined by immunohistochemistry. High expression was noted in the granulosa cells of preantral follicles for both Smad2 and Smad3. Both proteins were expressed at low levels in the granulosa cells of large antral and preovulatory follicles. As predicted by the Western analyses, Smad2 expression increased in the corpora lutea, yet minimal signal was seen for Smad3 in corpora lutea (Figs. 4 and 5) .
Oocyte expression of Smad proteins also changes during folliculogenesis. Both Smad2 and Smad3 are expressed at high levels in oocytes of primordial and primary follicles. As oocytes reach full size, expression of both proteins declines and is no longer apparent in oocytes of antral follicles (Figs. 3 and 4) . However, after gonadotropin stimulation but before ovulation, some oocytes again express Smad2 and Smad3 (data not shown). This finding is consistent with a report demonstrating the presence of Smad2 and Smad3 expression in unfertilized, ovulated human oocytes and preimplantation embryos up to the eight-cell stage [31] .
We have demonstrated that both activin and TGF␤ can induce nuclear translocation of both Smad2 and Smad3 in granulosa cells. For receptor-activated Smads, nuclear translocation is a function of receptor-induced phosphorylation [12] . The Smad protein is activated by phosphorylation of a serine residue in the MH1 domain. This promotes a structural change that allows association with the Co-Smad Smad4, and then the complex undergoes nuclear translocation [17] . Thus our data demonstrating nuclear translocation of the proteins also signifies receptor-specific activation of the protein. Both activin and TGF␤ activate both Smad2 and Smad3 [16, 32] . However, the relative effectiveness of the growth factors in our study suggests a functional preference of Smad2 for activation by activin and Smad3 for activation by TGF␤ in granulosa cells. Both type I and type II receptors for activin and TGF␤ are present in the developing follicle. Although detailed analysis in the rat ovary has not been performed for all of the receptor types, studies in humans and hamsters [33] [34] [35] have shown that both pairs of activin receptors and the TGF␤ receptor pair are present in the granulosa, theca, oocytes, and interstitium of the ovary. Also, a recent study in the rat has localized mRNA for all four of the activin receptors in isolated oocytes and granulosa cells by real-time polymerase chain reaction [36] . Further studies are needed to correlate the stage-specific expression of all of the receptor subtypes that may function in activin and TGF␤ signaling during folliculogenesis. Functional studies are also necessary to associate specific Smads to specific receptor functioning. The overlap of growth factor effects in ovarian function and the lack of specificity in growth factor-receptor interactions have made it difficult to delineate the exact roles of specific growth factors in the ovary. In these experiments, we have begun to characterize the role of the TGF␤ family of signaling proteins known as Smads in ovarian function. We have found that the two Smads most closely associated with TGF␤ and activin signaling; Smad2 and Smad3, have stage-specific differential expression during folliculogenesis. We have also demonstrated that these two Smads also exhibit functionally different sensitivity to TGF␤ and activin in the granulosa cell. Further characterization of the functioning of these signaling molecules may reveal unique roles in regulating follicular development.
